The spaceborne W-band (94 GHz) radar on board the CloudSat polar-orbiting satellite offers new opportunities for retrieving parameters of precipitating cloud systems. CloudSat measurements can resolve the vertical cross sections of such systems. The radar brightband features, which are commonly present when observing stratiform precipitating systems, allow the vertical separation of the ice, mixed, and liquid precipitating hydrometeor layers. In this study, the CloudSat data are used to simultaneously retrieve ice water path (IWP) values for ice layers of precipitating systems using absolute radar reflectivity measurements and mean rainfall rates R m in the liquid hydrometeor layers using the attenuation-based reflectivity gradient method. The retrievals were performed for precipitating events observed in the vicinity of the Southern Great Plains (SGP) Atmospheric Radiation Measurement Program (ARM) Climate Research Facility. The retrieval results indicated that IWP values in stratiform precipitating systems vary from a few hundreds up to about 10 thousands of grams per meter squared, and the mean rain rates were in a general range between 0.5 and about 12 mm h
Introduction
The first spaceborne W-band (94 GHz) cloud-profiling radar (CPR) (e.g., Tanelli et al. 2008 ) on board the CloudSat satellite launched in spring 2006 provides new opportunities for quantitative estimations of ice and rainfall parameters in precipitating cloud systems. The first years of CloudSat operations have yielded unique global information on occurrence and microphysical and macrophysical properties of nonprecipitating clouds (e.g., Stephens et al. 2008) . While providing quantitative information about such clouds is the main scientific objective of the CloudSat project, the CPR also has proved to be a very valuable tool for studies of rainfall and thick precipitating clouds.
The W-band frequencies are the highest operationally used in radar remote sensing of the atmosphere. Signals at these frequencies experience strong attenuation by liquid hydrometeors. Despite this attenuation, the CPR is often able to ''see'' through precipitating cloud systems and detect attenuated ground returns during lighter rainfall events. For such events, the path-integrated attenuation (PIA) approach was devised to estimate mean layer rain rate over water surfaces in stratiform rainfall (Haynes et al. 2009 ). Another method for CloudSat rainfall retrievals is based on relating the height derivatives of observed CPR reflectivity factors Z e (hereinafter just reflectivities) to rain rate (Matrosov 2007) . This approach does not require the presence of surface returns and can be applied to retrievals of light-to-moderate rainfalls above both water and land surfaces.
Because of a relatively high sensitivity (;228 dBZ) and low signal attenuation in the ice cloud phase, the CPR is able to observe the full vertical extent of thick ice regions of precipitating systems with tops that can reach altitudes of 16 km or so. Radar backscatter from rainfall parts of such systems (especially lower regions) is usually strongly attenuated and there are significant contributions to measured CPR returns from multiple scattering effects (e.g., Battaglia et al. 2008) . Unlike ground-based W-band radar measurements, multiple scattering effects can noticeably enhance CloudSat reflectivities from rainfall because of a relatively large CPR footprint of about 1.5 km. These effects should be accounted for in CloudSat-based quantitative rainfall retrievals. The ability of the CPR to provide valuable information about precipitation has been realized by the CloudSat community and even some preliminary hurricane studies using CPR measurements have been performed (e.g., Durden et al. 2009 ).
This study presents results of simultaneous retrievals of hydrometeor parameters of rainfall and ice regions of stratiform precipitating systems over land. These parameters include the mean rain rate in the liquid hydrometeor layer and the integrated amount of ice located above the melting layer. Both rainfall and ice cloud retrievals correspond to the same vertical atmospheric column as resolved by the nadir-looking CPR. The CloudSat precipitating cloud system retrievals presented and analyzed in this study were performed for events observed in the vicinity of the Southern Great Plains (SGP) Climate Research Facility operated by the U.S. Department of Energy (DOE) (Ackerman and Stokes 2003) .
The location of the SGP site was chosen because it is representative of a large geographical area in the continental United States. This site is heavily instrumented for measurements of cloud, precipitation, radiation, and ambient meteorological parameters. The instrumentation deployed at this site in 2007 included surface precipitation gauges and ground-based radars operating at different frequencies, which allow independent estimates of precipitating cloud system parameters in the vertical atmospheric column above the SGP Central Facility (Matrosov 2009a,b) . The availability of such SGP estimates presents an opportunity to compare ground-based retrievals with spaceborne CloudSat retrievals and conduct a consistency check for both remote sensing approaches.
Brief description of CloudSat retrieval approaches
The attenuation-based method for retrievals of rainfall parameters from CPR measurements (Matrosov 2007; Matrosov et al. 2008 ) was used to retrieve rain rates in the liquid hydrometeor layer along the CloudSat ground track. This method uses rainfall attenuation effects, which are strong at W band, as useful information. The vertical gradients of the observed reflectivity Z e provide rain-rate estimates. These gradients are primarily shaped by attenuation, as nonattenuated rain reflectivities Z en usually change relatively little in comparison with changes due to attenuation (the changes in Z en , however, contribute to the retrieval uncertainties).
The relative constancy of nonattenuated reflectivities in a vertical profile is especially true for stratiform rainfall, which usually exhibits only a 1-2-dB vertical variability in Z en even for longer radar wavelengths (e.g., Bellon et al. 2005; Matrosov 2010 ). At shorter wavelengths, non-Rayleigh scattering effects further reduce this variability. In rainfall heavier than about 4 mm h
21
, these effects at W band are so strong that nonattenuated reflectivities do not exhibit any clear dependence on rain rate R, and they vary in a relatively narrow interval because of changes in rain drop size distributions (Matrosov 2007) .
Estimates of the W-band rain attenuation coefficient a, obtained from the vertical gradients of observed reflectivity, are then related to rain rates using power-law a-R approximations. The attenuation contributions caused by the atmospheric gases (i.e., water vapor and oxygen) are accounted for by using a model profile of air density and assuming a 95% relative humidity in the rain layer. The attenuation contribution from the liquid water clouds is accounted for by assuming an average value of cloud liquid water path (LWP) (;400 g m
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), which was estimated in stratiform rainfall conditions at the SGP site using the multifrequency radar measurements (Matrosov 2009b) .
Multiple scattering (MS) effects present in CloudSat measurements cause an increase in the observed reflectivity values relative to those that would be measured in the event of single scattering (e.g., Battaglia et al. 2008) . While these effects change the absolute values of observed reflectivities rather strongly, vertical gradients of the reflectivity in the rain layer are influenced to a much lesser extent. A correction procedure to account for MS effects in the attenuation-based reflectivity gradient method was recently suggested (Matrosov et al. 2008) for retrievals of rain rates that are less than about 20 mm h
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. In heavier rains, MS effects usually overwhelm CPR returns. CloudSat precipitation retrievals are practically impossible for such rains using any remote sensing approach.
Very often CPR returns from precipitating cloud systems exhibit an obvious peak [i.e., bright band (BB)] in the melting region located just below a 08 isotherm. The physical mechanisms of this peak are somewhat different from the ones responsible for the radar bright bands usually observed at longer radar wavelengths (Sassen et al. 2007; Matrosov 2008) . It is caused by an initial increase of radar returns from melting ice/snow particles (compared to dry ice/snow particles) followed by strong attenuation in the melting layer as radar signals further penetrate into this layer. The CPR BB signal can be used for separating the liquid and melting hydrometeor layers from cloud parts dominated by ice. Attenuation of the radar signals in ice regions of the precipitating systems above the BB is usually much smaller than that in the liquid hydrometer and melting layers, and radar reflectivities are dominated by the ice-snowflake particles. The BB features in CloudSat measurements are customarily seen in stratiform precipitation systems.
The ice water content (IWC) and its vertical integral ice water path (IWP) are estimated for cloud regions above the BB from observed reflectivity, using empirical IWC-Z e relations. Although multiple scattering effects also enhance CloudSat reflectivities from these regions, this enhancement is small compared to that in rainfall and it is approximately balanced out by some modest attenuation caused by the ice particles. As a result, the CPR reflectivities observed above the BB in the areas outside convection regions might be considered a proxy to the single scattered nonattenuated reflectivities (Matrosov and Battaglia 2009) ) was recently suggested by Matrosov and Heymsfield (2008) who also compared this relation with other published relations. This relation accounts for nonsphericity of ice-snow particles and non-Rayleigh scattering effects. The rainfall and ice content retrieval remote sensing approaches outlined above were used in this study for estimating precipitating cloud parameters.
The advantage of CloudSat observations of the ice regions of precipitating cloud systems (compared to the ground-based cloud radar observations) is that satellite radar measurements experience little attenuation because of the viewing geometry and ice parts of these systems are vertically resolved in their entirety. For ground-based observations of precipitating cloud systems, radar measurements at additional frequencies are required to correct for strong attenuation in the intervening rainfall and melting layers (Matrosov 2009b) and, for heavier precipitation, the information from the regions near the cloud tops can be lost because of the total signal extinction.
Illustrations of the CloudSat observations and retrievals
Because of orbit parameters, the CloudSat satellite never passes directly over the SGP Atmospheric Radiation Measurement Program (ARM) Central Facility site where the vertically pointing cloud radars used for ground-based retrievals are located. The shortest horizontal separation of the CPR radar beam and the vertical column above the SGP Central Facility is about 56 km. During the period of CloudSat operations, only a few satellite overpasses happened when the same precipitating system was simultaneously observed by the DOE radars and CloudSat at this closest horizontal separation. One such overpass, which occurred on 27 May 2007 on the ascending orbit, is shown in Fig. 1 . The CloudSat ground track in this figure is superimposed on the reflectivity map obtained with a 1.48 tilt from the scanning Weather Surveillance Radar-1988 Doppler (WSR-88D) operated at an S-band frequency for which attenuation is negligible. The National Weather Service 4-letter identifier for this radar is KVNX, and its location is also shown in Fig. 1 . The vertical cross section of CPR reflectivity measurements corresponding to this CloudSat overpass is shown in Fig. 2 . The freezing level height at an altitude of about 3.7 km above mean sea level (MSL) is manifested by the top of the BB. This height of the freezing level was also confirmed by the ground-based SGP measurements (not shown). Surface returns are seen in a layer located lower than about 0.6 km MSL.
a. Selection of CloudSat observations of precipitating cloud systems
Because of infrequent CloudSat overpasses when observing precipitating cloud systems in the immediate vicinity of the SGP site, consideration was given to all overpasses that occurred during the first three years of CloudSat operations when CPR-observed precipitating cloud systems were within 500 km of the SGP site. Only stratiform precipitation cases were chosen for retrievals as they offer a relatively straightforward separation of the predominant water phase regions (i.e., ice, mixed, and liquid) by means of the radar bright band. The presence of this band in measurements is a convenient feature allowing classification of precipitation as stratiform (e.g., Houze 1993) . Figure 3 shows a cross section of CloudSat measurements in the vicinity of the SGP site on 28 August 2006. During the depicted overpass, two separate precipitating systems were observed in the selected 500-km range between the CPR radar beam and the SGP site. One of these systems observed between latitudes of 33.18 and 33.68 passed the criterion of being stratiform. The other system centered at latitude 34.58 was clearly convective. It had no BB features and the maximum radar reflectivities were observed well above the freezing level. In this study, the retrievals were not performed for convective events regardless of their distance from the SGP site.
An additional selection criterion for precipitation events chosen here for retrievals was that liquid hydrometeor layers be at least 1.5 km thick, so that sufficient attenuation of CPR signals occurred to allow rainfall retrievals, which are based on the attenuation effects. This criterion limited analyzed cases to relatively warm stratiform precipitation. Additionally, the horizontal ground track through the precipitation region, as observed by the CPR, needed to be at least 40 km to provide enough retrieval points for each event to be analyzed statistically. The total number of the SGP stratiform precipitation events that qualified for CloudSat retrievals according to the criteria stated above was 14.
b. Examples of retrievals
The mean rain rate R m and IWP were retrieved for each CPR vertical profile of measurements. Here R m represents the mean value in a vertical layer that stretches from about 1 km below the top of the BB (i.e., below the melting layer) to about 1 km MSL. This choice of the rainfall retrieval layer boundaries is dictated by the need to avoid influences of partially melted ice/snow particles present in the melting layer, which usually is 0.5-0.7 km thick, and to rule out a contamination of CloudSat reflectivities by ground returns. IWP values were obtained by vertically integrating IWC retrievals from the cloud echo top to the top of the BB. Profiles with retrieved R m , 0.5 mm h 21 were not considered because of the high uncertainty of retrieving such light rainfall using the attenuation-based method (Matrosov 2007) . Often the periods with retrieved values of R m , 0.5 mm h 21 corresponded to CPR profiles with no clearly defined BB enhancements (e.g., regions between latitudes 36.78 and 378 in Fig. 2 , and near latitude 33.38 in Fig. 3) . surprising given the large vertical extent of the high reflectivity ice regions of precipitating clouds.
Most of the ice mass in precipitating cloud systems is contained in regions of high reflectivity. Figure 5 shows the fraction of the total IWP that comes from cloud regions with observed reflectivities greater than 0 dBZ. It can be seen that this fraction is generally greater than 94%. It justifies the use of IWC-Z e relations that are specifically tuned for such high reflectivities (Matrosov and Heymsfield 2008) . Note also that using measurements from passive sensors aboard other satellites for combined retrievals of precipitating cloud systems over land is rather limited because of the high optical depth of the precipitating cloud systems and complexities resulting from the presence of ice, mixed, and liquid phases of water in the same vertical column. While the active measurements of CloudSat allow vertical separation of different phases, their individual contributions to passive measurements are difficult to quantify. Figure 5 also presents the visible optical thickness retrievals of ice regions for the precipitating cloud systems shown in Figs. 2 and 3 . The estimates of optical thickness t, which is a vertical integral of the specific extinction, are based on a correspondence between W-band reflectivities and ice cloud particle cross sectional areas as inferred in a study by Matrosov and Heymsfield (2008 ), which was used for the optical thickness estimates shown in Fig. 5 . Both the extinction coefficient and IWC are approximately proportional to the second moment of the particle size distribution. IWC proportionality to the second moment of the size distribution is explained by the fact that effective particle density is typically proportional to the reciprocal of particle size (e.g., Matrosov et al. 2009 ). Because of this proportionality, the exponents in a-Z e and IWC-Z e relations are similar, which results in a close correspondence of minima and maxima locations of retrieved IWP and optical thickness values in Figs estimates of t due to contributions from just ice-snowflake particles. Nonprecipitating supercooled water drops, which might be present above the BB and are practically ''invisible'' to radar when coexisting in the radar resolution volume with much larger ice particles, may also contribute to the total visible extinction.
c. Retrieval uncertainties
The main sources of the attenuation-based CloudSat rain-rate retrieval uncertainties stem from variability of the relation between the attenuation coefficient at W band and the rain rate due to rain drop size distribution (DSD) changes as well as from the variability in nonattenuated reflectivity profile. It was estimated that the corresponding retrieval error can be as large as 35%-40% (Matrosov 2007) . Additional uncertainties arise from the variability of the LWP of clouds that can coexist with rain in the liquid hydrometer layer, which is located between the base of the melting layer and the surface. Signal attenuation in clouds depends on LWP linearly. Ground-based multiwavelength radar retrievals indicate that a mean cloud LWP in the stratiform precipitation systems at the SGP site is about 400 g m
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, and it does not significantly depend on the mean layer rain rate R m (Matrosov 2009b) . As mentioned previously, this mean value was assumed for the CloudSat retrievals in this study. For typical stratiform rain rates of 2-3 mm h 21 , a 200 g m 22 variability of the cloud LWP relative to this assumed mean value causes an additional uncertainty of about 15%-20% in the attenuation-based retrievals of rain rate. Assuming independence of this source of the total retrieval error and the error component caused by the DSD and nonattenuated reflectivity changes mentioned above, one can get a 40%-45% estimate for the total error of rain-rate retrieval (i.e., 0.35 2 1 0.15 2 ' 0.40 2 and 0.40 2 1 0.20 2 ' 0.45 2 ). While the above estimate of the uncertainty in rain rates refers to individual values in a profile, it can be expected that estimates of the layer mean values R m might have somewhat smaller uncertainties due to possible partial cancelations of errors as a result of vertical averaging. It should also be mentioned that the attenuation-based CloudSat retrievals of rain rate have been compared with results from surface-based precipitation radars. These comparisons showed the consistency of spaceborne attenuation-based retrievals, which typically agreed with surface-based precipitation radar estimates of rain rates within stated uncertainties (e.g., Matrosov 2007; Matrosov et al. 2008 ).
An important source of errors in radar estimates of ice content is the variability of the particle characteristic size (e.g., Atlas et al. 1995) . Additional errors are caused by uncertainties in details of particle size distributions, particle shapes, and reflectivity uncertainties. Relatively conservative estimates of radar reflectivity based retrieval errors of IWC (and hence of IWP) can be as high as a factor of 2 (e.g., Matrosov 2009b). This is not unusual for the radar reflectivity-based methods as comparisons of different ice cloud retrieval techniques indicate (Comstock et al. 2007) . Note that these comparisons were performed for ice cloud layers observed without interfering liquid layers, so optical and passive measurement-based retrievals were also available for comparisons in addition to the radar-only results.
Relations between IWP and mean rain rate
Unlike for warm rain processes where interaction and conversion between cloud and rain liquid are crucial, ice/snowflake particle melting is the important mechanism for stratiform rainfall formation. Given this, a certain positive correlation between the total amount of ice observed above the melting layer and rainfall below this layer can be expected. The CloudSat simultaneous retrievals of IWP and R m in stratiform precipitating systems described above can be used to assess this correlation from the observational data. Relations between IWP and R m are sought in the power-law form:
because such a form is often used to describe the correspondence between different parameters in various parameterization schemes. For the events shown in sections 2 and 3 as illustrations of CloudSat observations and retrievals, Fig. 6 depicts scatterplots between retrieved parameters and the corresponding best-fit power-law regression lines. While there is a moderate correlation between IWP and R m for the event of 28 August 2006 (the corresponding correlation coefficient r 5 0.44), the correlation coefficient for the event of 27 May 2007 is very low (r 5 0.17). This later event is, however, of a particular interest because it was observed by CloudSat at the closest distance to the SGP site and happened during a relatively short instrument deployment period in 2007 (May-June 2007) when multiwavelength vertically pointing ARM cloud radar measurements were available at this site.
For comparisons with CloudSat rainfall retrievals during this event, KVNX WSR-88D radar-based rainrate estimates along the CloudSat track are also shown in Fig. 4a for areas where R . 0.5 mm h 21 and the KVNX radar beam was entirely in the rain region. The default WSR-88D reflectivity-rainfall rate relation (i.e., Z 5 300R
1.4 at S band) was used for these estimates. It can be seen that the agreement between CloudSat and KVNX rainfall data is very good for latitudes grater than 378. While elsewhere the agreement is not that good, the difference between CloudSat and KVNX estimates is generally within stated retrieval uncertainties (except a couple of data points). Retrievals of the columnar values of IWP and R m were available from the ground-based ARM radars for the 27 May 2007 event (Matrosov 2009b ) for comparisons. (Matrosov 2009b) . A direct pointby-point comparison cannot be performed for these two kinds of retrievals because the CPR and the vertically pointing cloud radars at the SGP site observe different volumes (though in the same precipitation cloud system). Nevertheless, the data in Fig. 7 indicate that ground-based and satellite retrievals of precipitating cloud parameters are mutually consistent within the stated uncertainties of the remote sensing methods.
Although the event of 27 May 2007 presents the smallest distance mismatch between CloudSat and ground-based estimates, the consistency between satellite and groundbased precipitating cloud parameter retrievals can be also checked using all 14 experimental events that were observed by CloudSat within the 500-km radius around the SGP ground site. Table 1 presents the best-fit powerlaw relations, sample sizes, and the corresponding correlation coefficients for these experimental events. As seen from the table, for the majority of the CloudSat experimental events, a moderate correlation (i.e., 0.3 , r , 0.7) between IWP and R m is present, but for a few cases the correlation coefficient is less than 0.3, which is typically regarded as low correlation. This generally agrees with the results of ground-based retrievals at the SGP site (Table 1 in Matrosov 2009b ) where most of the stratiform precipitation events observed from the ground exhibited a moderate correlation between the retrieved values of IWP and R m , and only for a couple of cases the correlation coefficient was less than 0.3 (including the 27 May 2007 event). Note that at sample sizes greater than 30, the estimates of correlation coefficients that exceed a value of about 0.3 are usually statistically significant at a 5% level. This level reflects a probability that the null hypothesis (i.e., no relation between parameters) is true (e.g., Borovkov 1997) . Figure 8 presents an IWP-R m scatterplot for all 14 CloudSat observational events of stratiform precipitating cloud systems in the vicinity of the SGP site. The best-fit total integrated ice content-rainfall relation for this dataset is IWP 5 3060R m 0.36 and the total number of the retrieval points is 980. According to this relation, average changes of IWP over a typical interval of rain rates observed in stratiform precipitation (i.e., 0.5-12 mm h
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) is a factor of about 3. This is greater than the expected uncertainty of IWP retrievals, which was estimated above rather conservatively as a factor of 2.
As seen from Fig. 8 , the maximum values of CloudSat IWP retrievals in the precipitation cloud systems around the SGP site are around 10 000 g m
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. These values correspond to events when cloud tops were reaching altitudes of 14 km MSL or so (not shown). The lack of experimental data points with IWPs significantly higher than 10 000 g m 22 is not likely to be due to ''saturation effects'' of W-band radar reflectivity measurements because similar highest IWP values were also retrieved from the ground with the combination of K a -and S-band radars (Matrosov 2009b) .
While there is a clear general trend of mean rain rate increasing with increased IWP, there are observational events with no clear trend (like the event of 27 May 2007 discussed in the previous section) and even events when R m was increasing while IWP in the same vertical column was decreasing, which resulted in the exponent b in (1) being negative. Some similar ''outlier'' events were also observed using the ground-based multiwavelength radar approach at the SGP site (Matrosov 2009b) . Without extensive modeling efforts, which are outside the scope of this study, it is difficult to speculate about the exact reasons of the negative correlation between IWP and R m for a small number of the ''outlier'' events.
The mean CloudSat IWP-R m relation shown for the data points in Fig. 8 agrees well with the best-fit relation obtained from the ground-based multiwavelength radar retrievals of May-June 2007 stratiform precipitation cases observed at the SGP Central Facility: IWP 5 2450R m 0.33 (Matrosov 2009b) . Similar power-law correlation coefficients between IWP and R m were also obtained (i.e., r 5 0.35 for the satellite retrievals versus r 5 0.32 for the ground-based retrievals). Such correlation coefficients correspond to the lower end of what is customarily considered as a range for moderate correlation (i.e., 0.3 , r , 0.7). The mean values of retrieved parameters are similar for the CloudSat retrievals of this study (IWP ' 4900 g m 22 , R m ' 2.8 mm h
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) and the ground-based retrievals (IWP ' 4300 g m 22 , R m ' 2.4 mm h
) from Matrosov (2009b) . Note also that a similar correlation (;0.48) was found between cloud IWP and rain rate as inferred from Tropical Rainfall Measurement Mission (TRMM) data for oceanic events (Horvá th and Davies 2007) .
CloudSat data correspond to the cloud and rainfall parameters simultaneously retrieved in the same vertical column along the satellite track. Using surface-based measurements of the vertical profiles of horizontal winds at the SGP site, it was shown (Matrosov 2009b ) that the vertical dependence of horizontal advection (i.e., wind shear) causes decorrelation between IWP and R m retrieved for the same vertical column from the vertically pointing ground-based cloud radars. Such decorrelation can also be expected for the CloudSat estimates, although it is difficult to assess it quantitatively in the framework of this study because of the lack of the high-resolution temporal and spatial wind information inside the precipitation systems sensed by the CPR.
Some possible manifestations of decorrelation effects can be qualitatively seen in Fig. 4a , which presents the CloudSat retrievals for the event of 27 May 2007. While the retrieval data for this event overall exhibit low correlation (r 5 0.17), one can see the similarity of the IWP and R m trends (at least for latitudes greater than 378). The locations of maxima and minima in the R m retrievals, however, are slightly shifted toward somewhat higher latitudes compared to the IWP retrievals. This shift might be caused by wind shear, which results in decorrelation of the IWP and R m data.
Another factor that may influence the correlation between IWP and R m is vertical air motion above the melting layer. Stronger upward motions would cause precipitation-sized ice particles to fall slower, which could result in higher ice mass centers and in some decorrelation. Detailed information on dynamical properties of precipitating systems (i.e., wind shear and vertical motions) is needed to better understand mechanisms influencing relations between ice contents of such systems and the resultant rainfall.
Conclusions
The measurements from CloudSat's W-band nadirpointing cloud-profiling radar (CPR) can be used to provide quantitative information about precipitating cloud systems. Because of its high sensitivity, the CPR is able to resolve vertical structures of these systems from ice cloud tops downward to the rain layers below. Absolute reflectivities in the rainfall layers are influenced by multiple scattering (MS) effects (because of a relatively large radar footprint) and attenuation. The MS effects, however, modify reflectivity gradients to a much lesser extent than their absolute values, and their impact on the gradients can be approximately corrected for; therefore, the attenuation-based gradient method, which does not rely on surface returns, can be used for estimations of rain rates. Thus CloudSat radar measurements provide an opportunity to quantitatively estimate rainfall in stratiform precipitating systems over land where other spaceborne sensors have certain problems because of highly variable surface emissivity and reflectance characteristics.
The ice regions of precipitating cloud systems are observed by the CPR without obstructing and strongly attenuating intervening liquid layers, thus reflectivitybased estimators can be used for retrievals of cloud ice contents. Attenuation of CPR signals in cloud ice regions is small (compared to that by liquid and melting hydrometeors) and it is approximately balanced out by modest MS effects in these regions. Combining the reflectivity gradientbased approach for the rainfall layer and the absolute reflectivity-based estimators for the ice hydrometer layer retrievals can be used for high-spatial resolution and independent simultaneous-estimates of ice content and rainfall parameters in the same vertical atmospheric column; thus providing an opportunity for studying precipitation processes and elements of the global water cycle.
The combined retrieval approach was applied to stratiform precipitating cloud systems observed by the CPR in the vicinity of the SGP ground-based instrumented site during the first three years of CloudSat operations. The stratiform precipitating systems exhibit brightband features, which are identifiable in CPR reflectivity measurements. These features are caused by increased backscattering and attenuation of radar signals by melting ice and snowflake particles, and they allow separating among predominant hydrometer phases (i.e., ice, mixed and liquid) in a vertical profile as resolved by the CPR measurements.
The CloudSat retrievals of the mean layer rain rate R m and ice water path (IWP) revealed the range of variability in IWP from a few 100s of g m 22 to about 10 4 g m 22 while R m was varying from 0.5 mm h 21 (lower rain rates were not considered because of higher retrieval uncertainties) to about 10-12 mm h
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. For typical observational events, CPR-based estimates of visible optical thickness of ice regions of precipitating cloud systems generally varied from 20 to 100. The independently retrieved values of IWP and R m , as estimated simultaneously for the same vertical column, exhibited, on average, a moderate correlation. The mean correlation coefficient, however, was 0.35 while the coefficients for individual observational events varied from about 0.1 to 0.56. Horizontal advection, wind shear, and vertical air motions can cause decorrelation of the columnar values of IWP and R m , which might be a reason for a lack of appreciable correlation between these parameters in some observational cases.
CloudSat retrievals of IWP and mean rain rate were compared with ground-based estimates of these parameters from the multiwavelength radar measurements at the SGP Central Facility during the May-June period of 2007. These comparisons indicated a general consistency between results of spaceborne and ground-based retrieval results, which was manifested in similar mean IWP-R m relations and in similar variability ranges for both total ice content and rain-rate retrievals. Although the ground-based and satellite measurements are not coincident and this comparison cannot regarded as a strict validation effort, the general consistency is reassuring because both retrieval approaches use independent measurements. Future comparisons of CloudSat and ground-based retrievals of parameters of precipitating cloud systems could be available when a suite of new cloud radars will be deployed at the ARM facility.
